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Actualment, cada vegada és més freqüent sentir a parlar de qüestions 
mediambientals. Aquest fet ens porta contínuament a intentar millorar la 
manera d’optimitzar l’energia, ja sigui mitjançant nous dispositius 
d’emmagatzematge que contaminin menys o millores en els sistemes de 
captació d’energia mediambiental.  
 
Un dels dispositius actualment en alça són els anomenats supercondensadors 
o condensadors d’alta capacitat. Són dispositius electrònics capaços 
d’emmagatzemar una gran carrega elèctrica en forma d’energia. Aquesta 
energia  l’emmagatzemen com a camp elèctric, per tant són menys 
contaminants que les bateries estàndards, les quals obtenen l’energia de 
reaccions químiques. El seu nom ve determinat per l’alta capacitat que poden 
arribar a assolir (de fins a 1000F).  
 
L’objectiu del projecte és trobar un model per caracteritzar el comportament 
dels condensadors d’alta capacitat a partir de la carrega i descarrega 
d’aquests, analitzar l’eficiència d’aquests i tractar de trobar si les pèrdues 
d’energia són degudes a la resistència sèrie equivalent o també a la 
resistència paral·lel equivalent. 
 
S’han dissenyat dos circuits de càrrega i descàrrega per als dos mètodes 
escollits: un basat en la càrrega-descàrrega a partir d’una font de corrent 
constant i l’altre basat en la càrrega-descàrrega a partir d’un pols de corrent. A 
partir del disseny, s’ha procedit a realitzar les mesures de diferents dispositius 
seleccionats i posteriorment a analitzar-ne els resultats. 
 
Finalment, s’ha caracteritzat el model de circuit equivalent a partir dels 
resultats obtinguts en les càrregues-descàrregues i s’ha procedit a validar el 
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Nowadays, it is increasingly common to hear about environmental issues. This 
fact keep us to continually try to improve energy optimization, either through 
new storage devices that pollute less or improvements in the environmental 
energy generation systems. 
 
Recent new types of devices under study are those called supercapacitors. 
Supercapacitors are electronic devices able to store charge in form of electrical 
energy. This energy is stored as an electric field, so supercapacitors are less 
polluting than standard batteries, which obtained its energy by chemical 
reactions. Their name is determinate by the high capacity that can achieve (up 
to 1000 F). 
 
The aim of this project is to find a model to characterize the behaviour of 
supercapacitors from their charge and discharge, analyze the efficiency of 
these devices and try to find if the energy losses could be represented only by 
a series resistance or not.  
 
The steps that have been followed to achieve the main aim were to design a 
charge-discharge circuit based on two methods (constant current source and 
pulse current source); collect and process the measurements obtained and 
analyze the supercapacitors behaviour during the process of charge-discharge. 
 
Finally, a model of an equivalent circuit for supercapacitors have been found 
and characterize whit the values obtained from the results of charge-discharge 
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INTRODUCTION      1 
INTRODUCTION 
 
A supercapacitor is an electrochemical capacitor used for energy storage rather than 
as general purpose circuit components. The main characteristics that presents are 
their energy density, which is typically higher than a conventional electrolytic 
capacitor, and their power density, which is also higher than batteries. They have a 
variety of commercial applications, especially in energy smoothing and momentary 
load devices. Some of these applications can be found in automotive, in 
complementing batteries, in low-power applications and in alternative energy. 
However, as general capacitors, supercapacitors do not have an ideal behaviour 
during their charge and discharge. This fact implies a nonlinearity behaviour which is 
traduced in some energy losses. 
 
The aim of this project is to find a model to characterize the behaviour of 
supercapacitors from their charge and discharge, analyze the efficiency of these 
devices and try to find if the energy losses could be represented only by a series 
resistance or not.  
 
The steps that have been followed to achieve the main aim, was design a charge-
discharge circuit based on two methods (constant current source and pulse current 
source); collect and process the measurements obtained; analyze the 
supercapacitors behaviour during the process of charge-discharge; find a model of 
an equivalent circuit for the supercapacitor; and finally validate the model searched. 
 
The project has been structured in four sections. First section is about a brief 
description of what a supercapacitor is, their technology and characteristics, and a 
brief comparison between a supercapacitor and a battery. In the second section, the 
supercapacitors that have been selected to study have been presented, as well as 
the circuits designed for charge and discharge, so for the constant current as for the 
pulse current. In the third section the results obtained from the measurements have 
been shown and compared between them. Finally, fourth section is about the 
equivalent circuit for a supercapacitors, which is modelled according to the devices 
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1. WHAT IS A SUPERCAPACITOR? 
 
1.1. General description 
 
A supercapacitor is an electronic component capable of storing large electric charge 
(Q=C·V) for long periods of time, and at the same time, returned it in a smooth and 
steady, rather as usual capacitors. This component may be charged very fast, and 
stands for a high number of charge-discharge cycles. Supercapacitors, are also 
known as ultracapacitors or electromechanical double-layer capacitor (EDLC). 
 
A conventional capacitor is formed by a couple of conductive surfaces separated by a 
dielectric material, that stands a potential difference acquires a determinate electrical 
charge, positive in one plate and negative in the other one. The stored energy in one 
of the plates is proportional to the potential difference between them, being the 
capacitance the proportional constant.  
 
Depending on the material between plates higher voltages may be achieved to be 
stored which implies higher energy densities. Their capacity is measured in 
microfarads.  
 
In contrast with conventional capacitors, supercapacitors have a nanoporous material 
(typically activated charcoal) instead of a dielectric material, which allows a large 
relative area. The high capacity is achieved by the thickness of the nanoporous 
material (of the order of nanometers) and the large relative area. Supercapacitors 





Figure 1.1 Performance of common capacitor and a supercapacitor 
 
 
Whereas the common capacitor store static electricity by building up opposite 
charges on two metal plates (blue and red) separated by an insulating material called 
a dielectric (orange), the supercapacitor store more energy than ordinary capacitors 
by creating a double layer of separated charges between two plates made from 
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porous, typically carbon-based materials. The plates create the double-layer by 





Supercapacitors improve storage density through the use of nonporus material, in 
place of the conventional insulating barrier. 
 
Three main types of materials which supercapacitors are commonly made: transition 
metal oxides, conductive polymers and activated charcoal materials. 
 
1. Metal oxides achieved high values of capacity, but these supercapacitors 
have the disadvantage that they are too expensive and therefore they are only 
used in military applications and in the aerospace industry. 
 
2. The use of conductive polymers may also result in relatively high capacities, 
but these materials have the disadvantage that they suffer swelling and 
shrinkage, which is undesirable because it can cause the degradation of the 
electrodes during cycling. 
 
3. Finally, activated charcoal materials are the most attractive active materials 
for the dielectric due their relative low cost, elevated superficial area and high 
availability, as well as different forms attainable (powder, fibers, foams, fabrics, 
composites) and adaptable porosity. 
Since fifties, when the first supercapacitor were made using activated charcoal, until 
nowadays, there were many advances in material science that lead the development 





Figure 1.2 Composition of a supercapacitor 
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Those based on aerogel, used aerogel carbon as the active material instead of 
activated carbon. The aerogel carbon material is known for high purity, highly usable 
surface area and high electrical conductivity. These properties implies an extremely 
low ESR, high energy density, very low leakage current, wide operating temperature 










Supercapacitors are characterized by their high efficiency (98% of the charge is 
returned); high relation between the stored energy and the mass (4Wh/kg); high 
capacity of charge-discharge (5kW/kg); high cycling capacity (on the order of millions 
of time) and high velocity charge (on the order of seconds or minutes).  
 
Furthermore, supercapacitors may proportionate high load currents, do not need 
maintenance and may work in adverse temperature conditions.  
 
However, supercapacitors have a high self-discharging (higher than most of 
batteries), a low energy density (typically holds one-fifth to one-tenth the energy of a 
battery) and are expensive in terms of cost per watt. 
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Figure 1.4 Energy density vs. Power density for different energy-storage devices [3] 
 
 
Conventional batteries have a higher energy density than supercapacitors (about 30 
to 130 Wh/kg compare to 3-5 Wh/kg for a supercapacitor), whereas supercapacitors 
have a higher power density than batteries, as shown in Figure 1.4. 
 
Supercapacitors were initially used by the US military to start the engines of tanks 
and submarines. But nowadays, most applications are in small appliances (electric 





As it was mentioned before, supercapacitors have an unusually high energy density 
comparing with common capacitors, typically on the order of thousands of times 
greater than a high capacity electrolytic capacitor.  
 
According to Innovative Research and Products (iRAP), supercapacitor market 
growth will continue during 2009 to 2014 [4]. 
 
The majority of the manufacturers have an extensive range of capacity supercaps, 
from the 0.022 F as Panasonic to the 3000 F as NessCap. However, the working 
voltage is so limited. Between them, Panasonic Industrial Components have the 
higher extensive range of working voltage, from 2.1 V to 5.5 V.  
 
Some of them use only the activated charcoal as technology, whereas 
CooperBussmann use activated charcoal and aerogel technology. Besides, 
depending on the capacity, they can be use in small applications (mobile, PDA, 
consumer electronics...), industrial applications (wind, robotics, indoor cranes...) and 
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in heavy duty motive applications (tram, military, automotive...). Some of the 
manufacturers of supercapacitors are listed below.  
 
 
Table 1.1  Common characteristics of some supercaps manufacturers 
 




Cooper Bussmann 0.1F – 110 F 2.5 - 5.5V 
Activated charcoal - 
Aerogel 
Maxwell 1F – 150 F 2.7 V Activated charcoal 





0.022 F – 70 F 2.1 a 5.5 V Activated charcoal 




1.5. Supercapacitor vs Battery 
 
Supercapacitors store energy as an electric field, therefore are more effective than a 
standard battery, which obtained its energy by chemical reactions. Supercapacitors 
perform like a storage pile based on capacitors which supply quick and massive 
explosions of instantaneous energy. However, supercapacitors need more space to 
store the same charge than batteries. 
 
So, rather than operate as a main battery, supercapacitors are more commonly used 
as memory backup to bridge short power interruptions. However, supercaps are less 
polluting than standard batteries, which imply a green alternative and an interesting 
environmental stored system. 
 
Nowadays, a supercapacitor could not replace the function of a battery, inasmuch as 
it is used as a buffer between the battery and the device. But recent studies, have 
demonstrated that merging a supercapacitor and a battery together will be possible to 
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1.6. Approaches of equivalent circuit for supercapacitor 
 
In plenty of “literature” different equivalent circuits for supercapacitors (from now on 
called supercaps) have been alreadeady proposed [6], [7]. 
 
In most of them, the main equivalent circuit studied was formed by an equivalent 
series resistance (ESR=Rs), a capacity (C) and an equivalent parallel resistance 
(EPR=Rp) [7], [8]. The equivalent circuit shown in Figure 3.1 is only a simplified or 











According to [7], the equivalent series resistance and the equivalent parallel 
resistance have influence on supercaps charge and discharge behaviour. The ESR is 
due to the electrode resistance, electrolyte resistance, contact resistance and wastes 
power for internar heating when charging or discharging. Although the ESR achieves 
smaller values, in the order of few ohms, it affects to the energy efficiency and to the 
power density. 
 
On the other hand, the EPR (also called leakage resistance) usually achieves higher 
values than the ESR, usually around the kilohms, and decides the leakage current 
when the supercap is in a stand-by mode. The EPR is responsible for the capacitor 
self-discharge time as we will see in next sections. Its value must be as high as 
possible to limit the leakage current. Finally, the capacity C decides the energy 
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From these conclusions, it can be inferred the function of the simplified equivalent 
circuit: 
  
 The equivalent serie resistance (Rs) offers a resistance to the pass of current 
(I). Depending on the Rs value, the capacity (C) will charge more or less 
quickly. A higher Rs, the capacity will take more time to charge. This prevents 
fast power transfer to loads. 
 
 Once the capacity is charged, and there is no current injection, the resistance 
offered by the Rs and the capacity (C) will be higher than those offered by the 
equivalent parallel resistance (Rp). Arriving to this point, the self-discharging 
will start through the Rp. So, a higher value of Rp, the capacity (C) will have a 
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2. CIRCUIT DESIGN 
 
2.1. Supercaps used 
 
Once supercaps main characteristics have been described, some devices with 
different technology, capacity and rated working voltage have been selected to 
undergo them to study.  
 
Between the different groups of supercaps available in the market, we have chosen 
those whose main material or technology is activated charcoal or aerogel to carry out 
the study. Table 2.1 shows the main characteristics of the studied devices. 
 
 












4.79 € Device 2 
Device 3 
Device 4 4.93 € 
0.47 F 
Device 1 
4.80 € Device 2 
Device 3 
5 V 1 F 
Device 1 
















*Price accord to: www.farnell.com/  
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2.2. Circuit description 
 
In order to study the behaviour of supercap’s charge and discharge, first of all we 
need to design the circuits that will allow us to charge and discharge each of the 
devices. The first point we need to consider is how we want realize the charge of the 
devices: with a voltage source or with a current source. 
 
Whereas a voltage source provides an exponential charge (the supercap takes less 
time to charge, but has more energy losses), a current source offers a linear charge 
with less energy losses [9]. Therefore, with the aim to have the least energy losses 
during the process, we have chosen charge the devices with a constant current 
source. 
 
As it was mentioned before, the main aim of this project is to try to identify the 
electrical characteristics of a supercap equivalent circuit, that is to say the equivalent 
series resistance (ESR), the equivalent parallel resistance (EPR) and the capacity 
(C). In function of these electrical characteristics the energy losses will be expressed, 
so the efficiency. Therefore, a method based on a constant current source will allow 
detecting the energy losses due to the equivalent series resistance, whereas a 
method based on a pulse current source will allow distinguishing between the energy 
losses due to the equivalent series resistance or the equivalent parallel resistance. 
 
In the method based on a pulse current, the capacitance and the equivalent series 
resistance can be assumed to be constant, so the energy losses can be assumed to 
be due to the equivalent parallel resistance. 
 
Hence, in both methods have been decided to charge and discharge supercaps at 
constant current, so a current source has been used instead a voltage source as 
usual.  
 
In the following sections, these two methods (one based on a constant current, and 
the other one based on a pulse current) have been implemented. 
 
 
2.2.1. Constant current charge 
 
The electric circuit that has been designed and used to charge supercaps with a 
constant current of 10 mA is shown in Figure 2.1. To make the positive constant 
current source, a positive regulator (7805) has been used. 
 
The rated working voltage of a supercap is the maximum voltage that can be applied 
to the device.  
 
With the aim to limit the maximum charge voltage, an operational amplifier (TL074) 
has been used like a comparator with a MOSFET transistor (2N7000). The values of 
the components of the voltage divider (R2 and R3) will be determined by the rated 
working voltage of each device.  





Figure 2.1 Constant current charge circuit 
 
 
2.2.2. Constant current discharge 
 
To perform the discharge of the device, it is required a negative constant current 
source and an electric circuit to avoid an inverse polarity of the device. Therefore, in 
this case a negative regulator (7905) has been used to obtain a negative current (-10 
mA), which allowed the discharge of the device.  
 
An operational amplifier (TL074) working like a comparator and a MOSFET transistor 






Positive Current source 
DUT 




Figure 2.2 Constant current discharge circuit 
 
 
2.2.3. Constant current charge and discharge 
 
Finally, the electric circuit to charge and discharge supercaps with a constant current 
is as follow in Figure 2.3: 
 
 
Figure 2.3 Charge and discharge circuit with a constant current 
DUT 
Voltage limiter 
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Next table shows the relation between the different devices and the values that have 
been used to perform the constant current charge and discharge. 
 
 














R2 = 2.4 kΩ 
R3 = 1 kΩ 
R4 = 82 kΩ  








5 V 1 F 
Device 1 
Aerogel 
R2 = 2.7 kΩ 





R2 = 7.5 kΩ 












Measurements have been performed with a data acquisition system (Agilent 
34970A). We measured the voltage drop in R1 and R’1 to obtain the current through 
the supercap under test during the charge and discharge respectively, and the 
supercap load voltage.  
 
Finally, to commute between the charge and discharge a jumper has been used.  
 
 
2.2.4. Pulse current charge 
 
The electric circuit that has been designed and used to charge supercaps with a 
pulse current of 10 mA is shown in Figure 2.4. In this case, the main aim was to 
achieve a source that provides a constant current pulse to charge and discharge the 
supercaps.  
 
In order to achieve a pulse, the circuit integrated 555 timer has been used in astable 
mode. With this configuration, the timer puts out a continuous stream of rectangular 
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pulses. To avoid the discharge of the supercarps during the low period of the pulse, a 
MOSFET transistor (2N7000) has been used. 
 
Once the problem of creating a continuous pulse has been solved, and the method to 
avoid the discharge, next step is transform this continuous voltage pulse in a 
continuous current pulse. To achieve that, the same positive regulator (7805) has 
been employed as in the constant current charge. 
 
The circuit that will permit the charge of the supercap is the same that has been 















Positive Current source 
Pulse generator 
2. CIRCUIT DESIGN       15 
2.2.5. Pulse current discharge 
 
To perform a pulse current discharge of the device, it is required a negative constant 
current source and an electric circuit to avoid an inverse polarity of the device like in 
the constant current discharge. Also it will be required a circuit integrated 555 timer in 
astable mode with the MOSFET transistor (2N7000) like in the pulse current charge. 
 
The resistances Rin (3kΩ) and Rf (1kΩ) have been placed between the 555 timer and 
the mosfet transistor like a voltage divider to decrease the voltage that provides the 










Negative Current source 
Voltage limiter 
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2.2.6. Pulse current charge and discharge 
 





Figure 2.6 Charge and discharge circuit with a pulse current 
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Table 2.3 shows the relation between the different devices and the values that have 
been used to perform the pulse current charge and discharge. 
 
 







Values of comparator 








R2 = 2.4 kΩ 
R3 = 1 kΩ 
R4 = 82 kΩ  
R5 = 1 kΩ 
RA = 18 MΩ 
RB = 33 MΩ 
C1 = 1 µF 
 








5 V 1 F 
Device 1 
Aerogel 
R2 = 2.7 kΩ 





R2 = 7.5 kΩ 












Measurements have been carried out with the same procedure used in the constant 
current method: the voltage drop in R1 and R’1 has been measured to obtain the 
current through the supercap during the charge and discharge respectively, and the 
supercap load voltage. All measurements have been obtained with the data 
acquisition (Agilent 34970A). 
 
Finally, to commute between the charge and discharge a jumper has been used.  
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3. EXPERIMENTAL RESULTS 
 
3.1 Introduction  
 
In reality supercaps exhibit a non ideal behaviour due to the porous materials used to 
make the electrodes as it was mentioned in section 1.1. Hence, with the methods 
implemented in section 2 (constant current and pulsed current) and the results 
obtained after perform the measurements, it is aimed to estimate the electrical 
characteristics: an equivalent series resistance (ESR), a capacity (C) and an 
equivalent parallel resistance (EPR); and how affects at the supercap’s behaviour. It 
is correct to think that the way these components will affect the supercap’s behaviour 
will be transformed in some energy losses, as it was mentioned before. 
 
As mentioned before in section 2, a constant current method and a pulse current 
method have been implemented. The reason why these two methods have been 
chosen is to detect the effect of the ESR and the EPR. Therefore, a method based 
on a constant current source will allow detecting the energy losses due to the 
equivalent series resistance, whereas a method based on a pulse current source will 
allow distinguishing between the energy losses due to the equivalent series 
resistance or the equivalent parallel resistance. 
 
In the method based on a pulsed current, the capacitance and the equivalent series 
resistance can be assumed to be constant, so the energy losses can be assumed to 
be due to the equivalent parallel resistance. 
 
So, once the electric circuits to charge and discharge supercaps have been 
designed, so constant current that pulse current, the different devices that we had 
(see Table 2.1 Supercaps used) have been tested. 
 
Each device has been charged and discharged with a constant current and with a 
pulse current. The values obtained during the process of charge/discharge have 
been collected with a data acquisition (Agilent 34970A) every two seconds. 
 
The results have been processed by the data analysis and graphing software 
OriginLab and with the spreadsheet program Microsoft Excel. 
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3.2 Constant current charge and discharge 
 
In this section, the results obtained from the measurements of constant current 
charge-discharge of each device are shown and plot in some graphics. These 
graphics will allow us to compare and discuss the results for each type of device. In 
order to compare which technology has less energy losses, the results obtained for 
each technology will be differentiated. 
 
In order to compare the results obtained, graphics have been normalized in function 




3.2.1 Aerogel supercaps 
 
Aerogel supercaps are based on a novel type of carbon foam; known as carbon 
aerogel [10]. The following graphics, Graph 3.1 and Graph 3.2, show the behaviour 
of aerogel supercaps during the charge and the discharge.  
 
It has been tested five aerogel supercaps which capacity was of 1 F; three of them 
have with a rated working voltage of 2.5 V, and the other two with a rated working 





Graph 3.1 Constant current charge and discharge of 1F_2.5V 
 
 
In both graphics, the charge process of the devices, have a linear behaviour. Another 
point to emphasize is the self-discharging. In fact, for supercaps of aerogel, the self-























Graph 3.2 Constant current charge and discharge of 1F_5V 
 
 
Assuming that all the supercaps were charged at a constant current (10 mA) and 
have the same capacity (1 F), the time used for each of them to charge and 
discharge depends on the rated working voltage and the version that they belong. 
Whereas the first one (1F_2.5V) belongs to the B Series, the second one (1F_5V) 
belongs to the PB Series, which implies a low ESR but a higher energy density [10]. 
 
From the values obtained, the ideal capacity* (Csc) has been calculated for each 
device and as Table 3.1 shows, the capacity’s values are inside the tolerance 
specified by the manufactured. Furthermore, the Device 1 for 1F_5V has a higher 
capacity than the others devices, which implies a higher time for charge and 
discharge (see Graph 3.2). 
 
 
𝒊𝒔𝒄 = 𝑪𝒔𝒄 ·
𝒅𝑽𝒔𝒄
𝒅𝒕
     (3.1) 
  
 






Version Values calculated 
Series Package Csc (F) 
Charge/discharge 
time 
5 V 1 F 
Device 1 PB 
Series  
1,113 15.86 min 
Device 2 1,012 14.70 min 




0,832 5.13 min 
Device 2 0,857 5.23 min 
Device 3 0,816 5.03 min 
 
 
*We have defined an ideal capacity like the capacity obtained from the values measured, without bear 
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3.2.2 Activated charcoal supercaps 
 
As it was mentioned before, those bases on activated charcoal are the most used 
due their low cost, the elevated superficial area and the high availability. However, 
their ESR is not small as those of aerogel. The next three graphics (Graph 3.3, 
Graph 3.4 and Graph 3.5) show the behaviour of activated charcoal supercaps 
during the charge-discharge process.  
 
Hence, due to its low cost, eleven activated charcoal supercaps have been tested, 
which capacity was of 10 F, 0.47 F and 1 F; four of them with a rated working voltage 





Graph 3.3 Constant current charge and discharge of 10F_2.5V 
 
 
As it was mentioned before for aerogel supercaps, activated charcoal shows a linear 
behaviour during the charge process. However, comparing the point where charge 
ends and discharge starts (named self-discharging), we can observe that activated 
charcoal supercaps have a highier self-discharging than aerogel supercaps. This fact 
put in evidence that activated charcoal supercaps have more energy losses than 
aerogel supercaps. As a result, we can confirm that activated charcoal supercaps will 
have a higher ESR or EPR than aerogel supercaps. 
 
 









Graph 3.5 Constant current charge and discharge of 1F_5.5V 
 
 
Comparing the three types of activated charcoal between them, according to the 
graphics seems that those of 0.47 F and 1 F have a higher self-discharging than 
those of 10 F, which could be thought as if they have more energy losses than these 
of 10 F. In fact, as it will be seen in following sections, the devices of 10 F will have 
more energy losses than those of 0.47 F and 1 F. 
 
From these observations, a first deduction could be done: depending on the material 
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before, aerogel material will improve energy losses. Furthermore, the capacity and 
the rated working voltage will determine the time used to charge and discharge. 
 
From the values obtained, the ideal capacity* (Csc) has been calculated for each 
device as for aerogel supercaps. According to the values of the ideal capacity 
compile in Table 3.2, especially for the devices of 0.47 F which increase more than 
the tolerance specified by the manufacturer, put in evidence that these values 
calculated are not exactly valid. It means that in formula 3.1 the equivalent 
resistances have not been taken into account. 
 
 






Version Values calculated 







0,924 14.96 min 
Device 2 1,036 16.60 min 
Device 3 1,022 16.56 min 
Device 4 
 




1,101 17.83 min 
Device 2 1,090 17.40 min 
Device 3 1,094 17.56 min 
2.5 V 10 F 
Device 1 
 
17,752 1h 44 min 
Device 2 20,784 1h 54 min 
Device 3 16,848 1h 45 min 
Device 4 19,595 1h 53 min 
 
 
*We have defined an ideal capacity like the capacity obtained from the values measured, without bear 
in mind the losses due to the ESR and the EPR. 
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3.2.3 Dissipated Energy 
 
After analyze the results and graphics obtained from the method of constant current 
charge and discharge, it is prove that the supercap’s behaviour is not ideal, so the 
existence of some energy losses can be confirmed. 
 
The instantaneous power from a device is calculated from the voltage measured in its 
terminals and the current passing through it. Assuming that the current is constant 
(10 mA) and the voltage in its terminals was measured, the instantaneous power 
could be calculated. 
 
 
𝑝 𝑡 = 𝑣 𝑡 · 𝑖(𝑡)     (3.2) 
 
 
The integral of the instantaneous power is the energy, so: 
 
 
𝐸 =  𝑃 𝑑𝑡        (3.3) 
 
 
The energy losses due to the equivalent series resistance (ESR), called also 
dissipated energy, can be calculated by doing the subtraction of the input energy and 
the output energy. 
 
 
𝐸𝑑 = 𝐸𝑖𝑛 − 𝐸𝑜𝑢𝑡        (3.4) 
 
 
In order to evaluate these energy losses or dissipated energy, the store power at the 
end of the charge process and the remained power at the beginning of the discharge 
have been calculated for each device as shows (3.5). 
 
 
𝐸𝑑 =  𝑃𝑖𝑛𝑑𝑡 −  𝑃𝑜𝑢𝑡 𝑑𝑡       (3.5) 
 
 
According to [8], part of the available energy is dissipated at ESR. The power output 
capability of electrical capacitors depends strongly on the series resistance, which 
needs to be minimized. The ESR is important during charging and discharging, 
because of the power dissipation that will cause internal heating, especially in power 
electronic applications. 
 
From the dissipated energy, the value for the equivalent series resistance (ESR) 
could be estimated as shows (3.8). Assuming that the equivalent series resistance 
during the charge will be the same that the equivalent series resistance during the 
discharge, the energy dissipated also could be calculated as: 
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𝐸𝑑 =  𝐼
2 × 𝑅 𝑑𝑡     (3.6) 
 
 
Considering that the resistance does not depend on time, the equation 3.6 could be 
simplified as follow: 
 
 
𝐸𝑑 = 𝑅  𝐼
2 𝑑𝑡        (3.7) 
 
 
Finally, from the energy dissipated (3.7), the value of the equivalent series resistance 















The results of dissipated energy, the efficiency and the ESR of each device have 
been compiled in a table, as shows Table 3.3. From the results, some results can 
be pointed: 
 
 In general, aerogel’s supercaps have fewer energy losses than activated 
charcoal. Whereas the average of energy losses for aerogel’s supercaps 
is 1.331J, for activated charcoal the energy losses’s average is 6.725J. 
 
 The energy losses are related to the rated working voltage and the 
capacity of each device. With a smaller working voltage, energy losses 
could be reduced (1F_2.5V vs 1F_5V). In contrast, a higher capacity 
increases the energy losses (10F_2.5V vs 1F_5.5V). The more are the 
energy losses, the less is the efficiency. 
 
 The efficiency’s average is about 73.563%. Save the case of 1F_2.5V 
(aerogel supercap) whose efficiency approaches the 78% and the case 
of 10F_2.5V whose efficiency is around the 66.477%, the other devices 
do not reveal a big difference between aerogel and activated charcoal, in 
terms of efficiency. 
 
 For all the devices, the ESR calculated is higher than it will be expected. 
Aerogel supercaps should have a low ESR, but in fact, as it happens with 
the devices of 1F_5V the results obtained differs a lot from that expected. 
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 Another point to take into account is that in general the higher is the 
ESR; the lower is the efficiency that have supercaps. 
 
 
The facts that the efficiency’s supercaps was not as higher as expected, and 
that the ESR was higher than that expected, suggest that may be another 
component that dissipates energy, as it was mentioned before.  
 
Based on the fact that the ESR is not the only element which dissipate energy, 
the results obtained for the ESR shown in Table 3.3 are not correct, hence it 
have not take into account the effect of the EPR. 
 
 











5 V 1 F* 
Device 1 12,319 9,209 3,110 74,757 33,151 
Device 2 11,415 8,881 2,534 77,805 28,790 
2.5 V 1 F* 
Device 1 1,504 1,198 0,307 79,620 10,500 
Device 2 1,590 1,183 0,407 74,420 12,955 
Device 3 1,480 1,180 0,300 79,713 9,944 
5.5 V 
1 F 
Device 1 11,966 9,376 2,590 78,358 28,903 
Device 2 13,512 10,379 3,133 76,814 31,455 
Device 3 13,514 10,218 3,296 75,611 33,158 
Device 4 14,568 10,939 3,629 75,087 33,919 
0.47 F 
Device 1 14,744 10,856 3,888 73,629 36,679 
Device 2 14,683 10,661 4,022 72,608 38,524 
Device 3 14,656 10,652 4,004 72,682 38,059 
2.5 V 10 F 
Device 1 33,695 22,790 10,905 67,637 18,186 
Device 2 41,002 22,109 18,893 53,921 28,496 
Device 3 31,336 25,005 6,332 79,795 10,459 
Device 4 37,469 24,189 13,280 64,557 20,422 
  
*Aerogel supercaps  
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3.3 Pulse current charge and discharge 
 
If with the constant current graphics we have appreciated the energy losses, 
with the pulse current graphics we pretend appreciated the effect of the EPR.  
As it was mentioned before, the EPR is responsible for the capacitor self -
discharge time. While the pulse current is in its high period of time, the 
supercap will be charged. When the pulse current is in its low period of time, the 
injection of current will be zero, so the supercap will behave as an open circuit 
allowing the store energy self-discharge through the EPR. As a result, if we 
graph the results obtained during the charge-discharge process with a pulse 
current, we should obtained some self-discharge during the low period of time 
of the pulse current. 
 
In order to compare the results obtained, graphics have been normalized in 




3.3.1 Aerogel supercaps 
 
Like for the constant current charge and discharge, it has been tested the same 
five aerogel supercaps which capacity was of 1 F; three of them have with a 
rated working voltage of 2.5 V, and the other two with a rated working voltage of 






























Graph 3.7 Pulse current charge and discharge of 1F_5V  
 
 
In both graphics, the line which represents the charge and discharge process of 
the devices follows a pulse behaviour. According to graphics, the effect of 
energy losses due to the ESR is still present in this method. Whereas with the 
constant current method it has been observed only some losses due to the 
ESR, with this other method (pulse current) it can be observe some losses due 
to an EPR besides of that produced by the ESR. These losses due to the effect 
of an EPR, seems to be a little more significant in Graph 3.6.  
 
 
3.3.2 Activated charcoal supercaps 
 
Like for the constant current charge and discharge, it has been tested the same 
eleven activated charcoal supercaps which capacity was of 10 F, 0.47 F and 1 
F; four of them with a rated working voltage of 2.5 V, and the other seven with a 
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Graph 3.8 Pulse current charge and discharge of 10F_2.5V 
 
 
Comparing Graph 3.9 and Graph 3.10, the behaviour departs from that 
expected. It seems like during the low period of pulse, the capacitors will self-
discharge quickly. This effect generates a considerable increment of the time 
required for charge and discharge. This quickly self-discharge during the low 
period of pulse is due to the effect of the EPR as it was said before. On the 
other hand, for the devices of 10 F the self-discharge could not be appreciated 






























Graph 3.10 Pulse current charge and discharge of 1F_5.5V 
 
 
Comparing the results obtained of aerogel supercaps and activated charcoal 
supercaps in the pulse current, we can observe that activated charcoal 
supercaps will have a lower equivalent parallel resistance (EPR) than aerogel 
supercaps, inasmuch as the self-discharging observed.  So, if the value of the 
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3.4 General Analysis 
 
As it has been mentioned before and subsequently checked, the supercap’s 
behaviour is not ideal. Whereas with the first method, based on a constant 
current, it is expected to detect the capacity and the ESR of the supercap, with 
the method based on a pulse current, it is expected to detect the EPR. 
 
After processed the values, it can be observed some general appreciations: 
 
 In both methods, aerogel supercaps have a charge and discharge more 
defined than those from activated charcoal. 
 
 Whereas aerogel supercaps has a minimum voltage drop due to the 
ohmic equivalent series resistance (ESR), activated charcoal supercaps 
shows a significant effect as as a result of a higher ESR. So, it could be 
confirmed that aerogel supercaps have a smaller ESR than activated 
charcoal’s supercaps [10].  Besides the effect of the ESR, the difference 
between the processes of charge-discharge of the devices might be due 

























 As it was said before, with the method based on a pulse current the 
effect of the equivalent parallel resistance (EPR) is observed. And again, 
the aerogel supercaps presents a less self-discharging than activated 
charcoal supercaps, which implies that those will have more energy 





Figure 3.3 Zoom of Pulse current charge and discharge of 1F_2.5V Aerogel 
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 Another point to emphasize is the efficiency of supercaps tested. 
According to point 1.3, the average of the efficiency of a supercap will be 
around the 98%. Nevertheless, the values obtained in Table 3.3 
demonstrate that the efficiency calculated is considerable lower than 
those expected. This implies that beside of the energy losses due to the 
EPR that have not been considered, the model of the equivalent circuit 
used is a first order, so considering a higher order model like in [6] an [7], 
the efficiency should be higher. 
 
 
















14.96 min 23.56 min 
Device 2 16.60 min 25.23 min 
Device 3 16.56 min 26.10 min 
Device 4 17.83 min 28.06 min 
0.47 F 
Device 1 17.83 min 28.13 min 
Device 2 17.40 min 26.36 min 
Device 3 17.56 min 27.26 min 
5 V 1 F 
Device 1 
Aerogel 
15.86 min 24.33 min 





5.13 min 7.33 min 
Device 2 5.23 min 7.60 min 





1h 44 min 2h 53 min 
Device 2 1h 54 min 2h 55 min 
Device 3 1h 45 min 2h 45 min 
Device 4 1h 53 min 2h 58 min 
 
 
If we compare the time used for charge and discharge, both in the constant 
current like in pulse current, for devices of aerogel 1F_5V and the activated 
charcoal 0.47F_5.5V, it could be seen that despite the second one has a 
smaller capacity (0.47F), the time that employs to charge and discharge is a 
little higher than that employed during the charge and discharge of 1F. This fact 
could be due to the values of the ESR. 
 
For instance, it could be assure that aerogel supercaps have a smaller ESR 
which implies less looses, and consequently a more linear behaviour than those 
of activated charcoal. 
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4. EQUIVALENT CIRCUIT FOR SUPERCAPS 
 
4.1 First order circuit for supercaps 
 
As it was mentioned before, the supercap’s behaviour is not ideal; regarding the 
graphics and the values obtained, the next step to follow is to try to find the 
values for the equivalent circuit of a supercap. 
 
If we assumed that the equivalent circuit for a supercap (SC) is formed by an 
equivalent series resistance (ESR = Rs), a capacity (C), and an equivalent 
parallel resistance (EPR = Rp), as shown in Figure 4.1, then with the aim to 
obtain these values, the next points have been considered: 
 
 
 Analyzing an equivalent circuit for a supercap, formed by an ESR (Rs), 
an EPR (Rp) and a capacity (C) as shown in Figure 4.1 is expected to 
reach an equation for Vin that resembles an exponential function. 
 
 Finally, in order to find out the values of Rs, Rp and C for each of the 
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As a result of analyze the equivalent circuit shown in Figure 4.1, the equation 
(4.1) has been obtained: 
 
 
𝑽𝒊𝒏 𝒕 = 𝑰𝒊𝒏 · 𝑹𝒔 + 𝑰𝒊𝒏 · 𝑹𝒑 −  𝑰𝒊𝒏 · 𝑹𝒑 ·  𝒆




The equation obtained from the analysis looks like an exponential equation: 
 
 
𝒚 𝒕 = 𝒚𝟎 + 𝑨 · 𝒆
−𝒕/𝝉       (4.2) 
 
 




𝑽𝒊𝒏 𝒕 = 𝑰𝒊𝒏 · 𝑹𝒔 +  𝑰𝒊𝒏 · 𝑹𝒑 −  𝑰𝒊𝒏 · 𝑹𝒑 ·  𝒆
−𝒕 𝑪·𝑹𝒑     (4.3) 
 




Therefore, to estimate an equivalent circuit whose behaviour approaches that of 
a supercap, the values obtained have been fitted to an exponential curve. 
 
Once the fit has been done, the values of the different parameters that will form 
this equivalent circuit have been found: an equivalent series resistance (ESR = 
Rs), a capacity (C), and an equivalent loss resistance (EPR = Rp). 
 
The results obtained for each of the devices are as follows in Table 4.1: 
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Rs (Ω) Rp (Ω) C (F) 
5 V 1 F* 
Device 1 6,132 829,685 0,789 
Device 2 26,423 830,391 0,772 
2.5 V 1 F* 
Device 1 6,080 381,598 0,632 
Device 2 6,704 350,685 0,626 
Device 3 4,641 394,511 0,619 
5.5 V 
1 F 
Device 1 29,205 1413,694 0,809 
Device 2 30,830 1191,672 0,877 
Device 3 30,961 1147,858 0,863 
Device 4 32,717 1195,148 0,953 
0.47 F 
Device 1 30,668 912,601 0,856 
Device 2 31,534 904,459 0,831 
Device 3 31,448 933,708 0,851 
2.5 V 10 F 
Device 1 0,288 341,265 12,035 
Device 2 7,427 286,197 13,565 
Device 3 5,213 424,149 13,105 





According to the results obtained in Table 4.1, aerogel supercaps shows a 
lower ESR than those of activated charcoal. The difference between them is 
around a factor of five. The fact to have a smaller ESR, is traduced to have less 
losses, which implies a higher energy efficiency. Comparing the values of 
efficiency obtained in Table 3.3 with these obtained for the ESR in Table 4.1, is 
making evident the proportional relation between them. Furthermore, having a 
smaller ESR, the device will have a rapidly charge-discharge process 
 
On the other hand, the values obtained for the ESR in section 3.2.3, differs a lot 
of those obtained in this section. What demonstrate, that the EPR has more 
influence in energy losses than the ESR. 
 
The case of the devices of 10F_2.5V needs a special mention. These devices 
are made of activated charcoal, therefore their ESR will be higher than those of 
aerogel, but on the other hand have a higher capacity and a low rated working 
voltage. So, whereas the ESR will be higher by definition, in fact is lower 
because of the higher capacity. Having a low ESR implies that the drop voltage 
due to the ohmic ESR will be lower. On the other hand, the EPR is also smaller, 
which implies a higher self-discharge which is traduce in more energy losses, 
and in consequence less efficiency than the others devices. 
 
Another point to analyse is the other element causing of losses; the EPR. These 
resistances are much higher than the ESR as it was expected [7]. The value of 
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the EPR will be as higher as possible to avoid the leakage current, and allow 
supercaps to hold the charge for more time. If supercaps hold the charge for 
more time, the self-discharging will be smaller, so in consequence the energy 
losses will be decrease and the efficiency will be increase. 
 
Finally, the values obtained for the capacitance are inside the range of 




4.2 Validating the equivalent circuit model 
 
In order to evaluate the equivalent circuit proposed and the results obtained, 
two simulations of schematic circuits has been run. One of them based on the 
constant current source (as shown in Figure 4.2), and the other one based on a 
pulsed current source (as shown in Figure 4.5). From the results obtained in 
section 4, as shown in Table 4.1, the values for the equivalent series resistance 
(Rs), the equivalent parallel resistance (Rp) and the capacity (C) have been 






Figure 4.2 Constant current source schematic of supercap’s equivalent circuit 
 
 
The first schematic circuit tested was these based on a constant current source. 
The capacitor will charge during a period of time until it will arrive to its working 
voltage. At that time, the switch called “tOpen” will open and the switch called 
“tClose” will close with the aim to start the discharge of the capacity through the 
constant current source I2. 
 
The simulation results show the charge and discharge of the capacity and the 
effect of the series equivalent resistance for an activated charcoal supercap 
(1F_5.5V) and for an aerogel supercap (1F_5V). In both cases the values 
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chosen for the simulation, were those for the device 1. The results obtained will 
be compared with Graph 3.5 and Graph 3.2 respectively. 
 
Both results show the charge and discharge of the device 1 with a constant 
current source. The charge process follow a linear behaviour, and when the 
capacitor is charged, a drop voltage appears just before the discharge is 
started. This effect is due to the ohmic equivalent series resistance (Rs) and it is 
more evident for the activated charcoal device, due that activated charcoal 
supercaps have a higher series resistance than those of aerogel. 
 
Whereas for the device of 1F_5.5V the equivalent series resistance has a value 
of 29 Ω, for the aerogel device of 1F_5V the equivalent series resistance has a 
value of 6 Ω (see Table 4.1). Hence, as higher is the value for the equivalent 
series resistance (Rs); the higher is the drop of voltage before the discharge 










Comparing the results obtained in the experimental results for the device 
1F_5.5V (see graphic Graph 3.5) and the device 1F_5V (see graphic Graph 
3.2) with the results obtained from the simulation (Figure 4.3 and Figure 4.4 
respectively) it can be observe that the results obtained from simulation 
correspond to those expected. 
 
 
Effect due to Rs 
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Figure 4.4 Simulation of the constant current source equivalent circuit for the 
aerogel device 1F_5V 
 
 
With the aim to observe the effect of the equivalent parallel resistance (Rp), a 
second simulation has been run. These second schematic circuit was based on 
a pulse current source (see Figure 4.5). Instead a current source with a switch 
to limit the charge and the discharge of the capacity, a pulse current has been 
used. The parameters configured for the pulse current was a current of 10 mA 
for the high period of the pulse and 0 mA for the low period of the pulse. In 
order to make the simulation as real as possible, the pulse time values obtained 









Effect due to Rs 
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The capacity will charge during the high period of the pulse (I1) until it will arrive 
to its working voltage. At that time, the switch called “tOpen” will open and the 
switch called “tClose” will close with the aim to start the discharge of the 
capacity during the high period of the pulse called “I2”. 
 
The simulation results obtained (Figure 4.6 and Figure 4.7) show the charge 
and discharge of the device 1 with a pulse current source. According to the 
parameters specified, the capacity has been charged only when the pulse 
current is in its high period (10 mA), and during the discharge the capacity has 
been discharged only when the pulse current is in its high period (-10 mA). 
 
Comparing the results obtained from the simulation with those of the 
experimental results (see Graph 3.10 for the activated charcoal device 1F_5.5V 
and Graph 3.7 for the aerogel device 1F_5V), the results obtained are those 
expected. Whereas the aerogel results (Figure 4.7) show a clear pulsed charge 
and discharge in experimental results as well as in simulation results, the 
activated charcoal results (Figure 4.6) do not show this perfect pulsed charge 
and discharge. This fact is due to its higher equivalent series resistance value 
which is also present in the method based on a pulse current source. 
Every time that a pulse change is produced (from the high period of pulse to the 
low period of pulse) a high drop voltage is produced due to the ohmic equivalent 












Drop voltaje due to Rs 
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Figure 4.7 Simulation of the pulse current source equivalent circuit for the 
aerogel device 1F_5V 
 
 
Furthermore, with this method it could be appreciated the effect of the 
equivalent parallel resistance (Rp) as it was said before. Whereas for the device 
of 1F_5.5V the equivalent parallel resistance has a value of 1413.694 Ω, for the 
aerogel device of 1F_5V the equivalent parallel resistance has a value of 
829.685 Ω (see Table 4.1).  
 
For the aerogel pulse current source simulation, at the beginning of the charge, 
during the low period of the pulse current (0 mA), the capacity seems to hold 
the charge, which means few energy losses (see Figure 4.8). But after some 
time, the energy losses become higher as a result of those accumulated (see 
Figure 4.9). This effect is due to the equivalent parallel resistance (Rp), which 





Figure 4.8 Zoom of the first low period of the pulse (aerogel supercap) 
Effect due to Rp 
Effect due to Rs 
42                                                                           Study on storage energy devices: supercapacitors, a green alternative 
 
Comparing Figure 4.8 with Figure 4.9, the self-discharging slope due to the Rp, 
is becoming higher as time passes. If we add the effect of the Rs to the effect of 
the Rp, the result is a high energy losses at the end of the charge process. So, 
the charge achieved during the high period of the pulse is almost the same that 
de discharge (produced by this energy losses) during the low period of the 
pulse. Hence, the capacity takes more time to reach the working voltage. 
 
For the activated charcoal pulse current source simulation, the combination of 
the effects due to the equivalent resistance (Rs and Rp) is higher than those for 










Effect due to Rp 
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CONCLUSIONS 
 
The aim of this project was to study the supercaps behaviour, and infer a model 
of an equivalent circuit whose behaviour fits to the real behaviour. 
 
After consulting some literature and know the main characteristics that have 
supercaps, as soon as the latest researches, the circuits to charge and 
discharge supercaps were designed. To detect the effect of the equivalent 
resistances it has been to design two methods for charge-discharge supercaps: 
one based on a constant current and the other one based on a pulse current. 
 
Based on the literature consulted, an equivalent first order circuit has chosen to 
characterize the behaviour of a supercap. From the results obtained from the 
measures and the characterization of the equivalent circuit, we can verify that 
aerogel supercaps have a better behaviour than those of activated charcoal. 
 
Aerogel supercaps have a low ESR, which allows to be rapidly charged and 
discharged, and a higher EPR  which means they can hold their charge for 
more time (have a small self-discharge). These characteristics imply fewer 
losses, so in consequence a higher efficiency. 
 
On the other hand, the efficiency calculated is not as high as that expected for 
both types of supercaps. From the results obtained, it has been observed also, 
that with a smaller working voltage, the energy losses could be reduced, which 
implies a higher efficiency.  
 
In conclusion, although the characterization of the model is a simple first order 
circuit, the results obtained demonstrate that their behaviour approaches quiet 
to the real one. So, improving the model with some equivalent resistances, 
capacities and some inductance the results from the simulations will be better 
than those obtained. 
 
Finally, despite the advantages of supercaps, their high cost, the packaging 
problems, the self-discharge and their energy losses, supercaps could not 
replace the function of a battery inasmuch as it is used as a buffer between the 
battery and the device. However, recent research suggests that some of these 
issues might be improved, and supercaps may become an available and green 
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